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Abstract Young sporophytes of Saccorhiza dermatodea
and Alaria esculenta cultured from Spitsbergen isolates
were exposed in the laboratory to either only photo-
synthetically active radiation (PAR) or to a spectrum
including UV-radiation (PAR+UVA+UVB) by use of
cutoﬀ glass ﬁlters. The plants were grown at 8±2C and
16:8 h light–dark cycles with 6 h additional UV expo-
sure in the middle of the light period. Growth was
measured every 10 min using growth chambers with
online video measuring technique for 18–21 days. Tissue
morphology and absorption spectra were measured in
untreated young sporophytes while tissue chlorophyll-a
content and DNA damage were measured from treated
thalli at the end of the experiment. Under UVR, growth
rates of S. dermatodea were signiﬁcantly reduced while
A. esculenta have a potential to acclimate. Tissue chlo-
rophyll-a contents in both species were not signiﬁcantly
diﬀerent between treatments suggesting that these algae
may acclimate to moderate UVR ﬂuence. Higher DNA
damage in S. dermatodea eﬀectively diverted photosyn-
thetic products for repair constraining growth. Tissue
optics (opacity and translucence) was correlated to the
tissue absorbance in the UVR region characteristics of
phlorotannin, an important UV-absorbing compound in
brown macroalgae. Growth rates of sporophytes of both
species exposed to PAR without UV was similar during
day and night. The results showed that both species can
recruit and inhabit a similar coastal zone when appro-
priate strategies are expressed to minimize damage in
response to the stress factor.
Introduction
Saccorhiza dermatodea (Bachelot de la Pylaie) J. Agardh
has a circumboreal distribution. It is found throughout
the Arctic Ocean and extends down the northeastern
seaboard of North America. Alaria esculenta (Linnaeus)
Greville, on the other hand, is found in the North
Atlantic as far south as the 16C summer isotherm on
the Brittany coast and extends north towards the Arctic
(Lu¨ning 1985). In Spitsbergen, S. dermatodea grows in
the upper sublittoral while A. esculenta grows in the
upper-mid sublittoral (Wiencke et al. 2004). However,
they can also be found co-inhabiting a depth from 3 m
to 10 m (Bischof et al. 1998).
Stratospheric ozone depletion is not only reported
over Antarctica (Solomon 1999; Staehelin et al. 2001)
but also over the Arctic (Jokela et al. 1993; Mu¨ller et al.
1997; Rex et al. 1997, 2002), which leads to enhanced
levels of Ultraviolet-B radiation (UVBR) at the earth’s
surface. In aquatic ecosystems, reﬂection and attenua-
tion within the water body reduces irradiance levels and
alters spectral composition. However, biologically sig-
niﬁcant UVBR levels are still recorded down to 8-m
water depth in Kongsfjorden (Hanelt et al. 2001).
Exposure to UV radiation (UVR) can signiﬁcantly
aﬀect macrophyte productivity and ecophysiology
(Franklin and Forster 1997). In particular, it can induce
damage directly by photochemical degradation of
biomolecules and cause DNA lesions forming cyclobu-
tane-pyrimidine dimers (CPDs) or indirectly via the
production of reactive oxygen species such as hydrogen
peroxide and superoxide radicals, responsible for the
more widespread oxidative damage within the cell
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(Vincent and Neale 2000). The resulting stress is mani-
fested in increased energy demands for protection and
repair, a decrease in growth rate resulting from the
photochemical damage and disruption of cell metabo-
lism and cell division, and under severe exposures, in
mortality of the specimen.
UVR sensitivity of macrothalli of Laminariales is well
documented (e.g. Clendennen et al. 1996; Aguilera et al.
1999; Karsten et al. 2001; Bischof et al. 2002a; Apprill
and Lesser 2003). Most of these studies measured pho-
tosynthetic responses to UVR. In several studies (e.g.
Hanelt et al. 1997a, b), sensitivity and recovery were
found to be related to the depth distribution of the
species while capability of acclimation is reported in
upper sublittoral species (e.g. Bischof et al. 1998, 1999).
However, acclimation of photosynthesis to UVR expo-
sure cannot be equated to the ecological optimum of the
plant because photosynthetic products are used for
protection and repair, consequently constraining
growth. For example, photosynthesis of Laminaria
ochroleuca de la Pylaie is able to partially acclimate to
chronic UVR exposure, but growth does not (Roleda
et al. 2004a).
Diﬀerent life stages of Laminariales are reported to
be diﬀerentially susceptible to light stress (e.g. Dring
et al. 1996; Hanelt et al. 1997c), whereby early devel-
opmental life stages are reported to be the most sus-
ceptible to UVR compared to the adult stages (reviewed
by Coelho et al. 2000). For example, zoospore motility,
germination capacity and DNA are aﬀected under UVR
(e.g. Huovinen et al. 2000; Wiencke et al. 2000, 2004;
Makarov and Voskoboinikov 2001). A protective
mechanism against UVR includes synthesis of the UV-
absorbing compound phlorotannin (Schoenwaelder
2002; Wiencke et al. 2004).
Across a vertical gradient, growth of young sporo-
phytes of the upper sublittoral S. dermatodea (Aguilera
et al. 1999) and upper-mid sublittoral A. esculenta
(Michler et al. 2002) is reported to be inhibited by UVR.
Macroalgae growing in shallower depth are often more
tolerant to UV and recover well after periods of high UV
radiation. Morphologically, species with tougher and
thicker thalli may also be less sensitive to UVR as a result
of more protective tissue (Johansson and Snoeijs 2002).
In the present study, we compare growth kinetics of
cultured young sporophytes under controlled laboratory
condition and the potential for growth acclimation un-
der UVR between S. dermatodea and A. esculenta using
growth chambers with an automatic video growth
measuring technique. Growth in terms of increase in
pixel size will be measured at short time scales (e.g. every
10 min) over a 3-week period. Data obtained from these
measurements will allow us to quantify growth during
and after UV exposures or during light and dark phases
of the daily photoperiod. DNA damage accumulation
and pigment content will also be measured after re-
peated exposure to UVR. The eﬀect of UVR on growth
will be discussed in relation to thallus morphology, tis-
sue absorption spectra characteristics of UV-absorbing
compounds and depth distribution of the sporophytes in
the ﬁeld.
Materials and methods
Algal material
Cultures of S. dermatodea and A. esculenta gameto-
phytes (hereinafter called ‘Alaria’ and ‘Saccorhiza’
respectively), originally established from spores of fertile
sporophytes collected by SCUBA diving in Kongsfjor-
den, Spitsbergen (7855¢N, 1156¢E), were used to obtain
young sporophytes. They were grown aerated in 5 l
culture bottles ﬁlled with Provasoli enriched seawater
(Starr and Zeikus 1993) inside a temperature-controlled
room at 8 ±2C and 10 lmol photon m2 s1 white
light at 12:12 h light:dark photoperiod. To compare
morphological diﬀerences between cultured and wild
specimen, young sporophytes were collected by SCUBA
diving in May 2004 in Kongsfjorden.
Online video growth measurement technique
Three growth chambers (ISITEC GmbH, Bremerhaven,
Germany) with online video measuring technique de-
scribed by Roleda et al. (2004a) were operated simulta-
neously in the experiment (Fig. 1a). Each growth
chamber contained two basal pieces of thalli (average
size=30 mm2, ±6 mm of the phylloid including the
meristem), positioned 20-mm apart from each other.
They were ﬁxed using tiny nails between the top and
bottom of the UV-transparent Plexiglas chamber
(Fig. 1b,c). The space between the top and bottom
chambers allows circulating ﬁltered, pasteurized and
cooled seawater (8±2C) to pass through. Light sources
are mounted 15 cm above the platform (Fig. 1d) con-
sisting of two white ﬂuorescent lamps (Philips, TL 8 W/
965, Holland) and two UV lamps (Q-Panel UVA-340,
40 Watt, Cleveland, USA; modiﬁed from the ﬁgure).
Infrared diodes (wavelength=930 nm) are mounted at
the sides of the chamber to produce infrared images of
the object for the video camera, also during the dark
periods. The captured image by the CCD camera
(Fig. 1e) is analysed by a MedeaLAB Count and Clas-
sify software (Fig. 1f; Multimedia and Software GmbH,
Erlangen, Germany) which measures growth, in terms of
increased number of pixel, of the algae.
The algal samples were acclimated for 3 days inside
the growth chambers to 16:8 light-dark photoperiod
without UVR. After acclimation, UVR was supple-
mented in the middle of the light phase (0900–1500 H).
Two types of glass ﬁlters, Schott-GG 400 (Schott,
Germany) and Quartz glass, were put on the top of
the Plexiglas chamber, each covering one of the two
algal samples, respectively. This corresponds to two
treatments per chamber with photosynthetically active
540
radiation (PAR=P) and PAR+UVA+UVB (PAB)
treatment. The three growth chambers operated simul-
taneously per species, were used as replicates for the P
and PAB treatments.
Irradiance was measured using a scanning UV-VIS
spectrometer (M. Kruse, Bremerhaven, Germany) below
the glass ﬁlters. Weighted irradiance was calculated
using action spectra for well-known biological re-
sponses: DNA damage for Escherichia coli (280–320 nm,
Setlow 1974) and the generalized plant damage (280–
312 nm) described by Caldwell (1971). Both unweighted
and weighted irradiances for each treatment are com-
piled in Table 1. Growth was continuously measured
every 10 min for 18–21 days. Seawater was changed
weekly to ensure enough nutrient supply within the
medium. At the end of each growth experiment, algal
thalli were transferred to 2-ml Eppendorf tubes and
frozen at 80C for further chemical analyses.
Growth rate was computed by plotting all data points
(entire experimental period) of each replicate per treat-
ment. They were individually ﬁtted to an exponential
equation Nt=N0e
rt, where Nt is growth at time t, N0 is
initial size and r is the intrinsic rate of increase. Growth
rate at time t (rt) is comparable to the growth equation
applied by Lu¨ning (1979): relative growth rate (%
day1)=(ln SA2ln SA1)/ t2t1·100, where SA1 and
SA2are the surface areas at t1 and t2 in days, respectively.
To determine day and night growth rates, daily growth
rates (% h1) during the light (16 h) and dark phase
(8 h) of plants exposed to photosynthetically active
radiation (P) alone were computed using the same
exponential equation. Mean day and night growth rates
were computed every three days. Among sporophytes
exposed to PAB (PAR+UVA+UVB), circadian
growth rates and three days average (% h1) were
computed during the start of the light phase without UV
(0500–0900 h), in the middle of the light phase with UV
supplement (0900–1500 h), at the end of the light phase
without UV (1500–2100 h), and during the dark phase
(2100–0500 h).
Thallus morphology
The wet weight: surface area (mg:mm2) ratio was used
to determine thallus thickness (Roleda et al. 2004b).
Fig. 1 a–f ISITEC growth
chamber (a) showing UV-
transparent Plexiglas chambers
where the algae is ﬁxed between
the top (b) and bottom (c) of the
chambers. Seawater inﬂow and
outﬂow outlets are shown in the
bottom part of the Plexiglas
chamber. Lamps and infrared
diodes (d) are mounted above
the platform and on the sides of
the growth chamber,
respectively. Image captured by
the CCD camera (e) is analysed
by MedeaLAB Count and
Classify software, a
measurement for one thallus
piece is shown in (f)
Table 1 Unweighted and weighted irradiance applied in the growth chambers
Irradiance (W m2)
Unweighted Weighted
GG 400
(PAR alone)
Quartz
(PAR+UVA+UVB)
DNA
damage (Setlow 1974)
Generalized
plant damage (Caldwell 1971)
PAR (400–700 nm) 3.60 4.00 0 0
UVA (320–400 nm) 0.02 4.92 0 0
UVB (280–320 nm) 0.00 0.41 9.76·103 3.16·102
Total irradiance 3.62 9.33 9.76·103 3.16·102
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Surface area of sporophytes taken directly from the
unialgal cultures was measured using a scanner and
WinFolia 5.0 image analysis software (Regent Instru-
ment, Quebec City, Canada) and the corresponding wet
weight of the blotted tissue was weighed using Sartorius
(CP225D, Germany) weighing scale (n=10).
Absorbance spectrum
To determine the presence of UV-absorbing compounds
in the tissue, young sporophytes obtained from culture
were inserted into seawater-ﬁlled quartz cuvettes and
scanned with seawater as reference in the 250–700 nm
waveband using a Shimadzu photometer (UV 2401PC,
Japan) equipped with an integrating sphere. For com-
parison, young sporophytes collected in the ﬁeld in
Spitsbergen were also scanned.
Pigment extraction and characterisation
Frozen samples were treated with 100 ll of 100% N-N-
dimethylformamide and stored in darkness for approx-
imately 16 h. Subsequent analyses were performed using
HPLC as described by Bischof et al. (2002b).
DNA extraction and quantiﬁcation
Thalli were homogenized in liquid nitrogen and DNA
was isolated following the CTAB extraction procedure
described by Poll et al. (2001) and modiﬁed by Roleda
et al. (2004b). After DNA extraction, the pellet was
dissolved in 0.2 ml TE buﬀer (10 mM Tris, 1 mM
EDTA, pH 8.0), treated with RNAase (5 ll 10 mg ml1,
30 min, 37C; Sigma, MO) and stored at 20C. The
DNA concentration was quantiﬁed ﬂuorometrically
using PicoGreen assay (Molecular Probes, Eugene, OR)
and a Cary Eclipse Fluorescence Spectrophotometer
(Variance Scientiﬁc Instrument, CA). A dilution series
with a known amount of DNA (Serva, Heidelberg,
Germany) was included for calibration purposes.
Assay for CPDs detection
The immunoassay for CPDs was modiﬁed after Vink
et al. (1994) and Poll et al. (2001). Heat-denatured
samples containing 50 ng DNA were transferred to a
nitrocellulose membrane (Protran BA 79, pore size
0.1 lm, Schleicher Schuell). After a two-step antibody
assay, the membrane was treated with ECL Western
blotting detection reagent (Amersham Buckingham-
shire, UK) and sealed in a transparent vinyl plastic
folder (Leitz, Stuttgart, Germany). This was subse-
quently exposed to photosensitive ECL ﬁlms (Amer-
sham) at diﬀerent exposure time. The ﬁlms were
developed using X-ray ﬁlm developer. Developed ﬁlms
were scanned using a Biorad imaging densitometer
(Model GS-700, Bio-Rad Laboratories, USA) and gray
scale values were quantiﬁed using Multi-Analyst (Ma-
cintosh Software for Bio-Rad’s Image Analysis Sys-
tems). A calibration series of UV-irradiated calf thymus
DNA (Serva) supplemented with unexposed DNA was
included giving 1 lg ml1 DNA for each calibration
point. The UV-irradiated DNA was previously cali-
brated against UV-irradiated Hela DNA with known
amounts of CPDs (kindly provided by A. Vink). CPDs
were quantiﬁed by comparing the gray scales within the
linear range of the ﬁlm.
Data analysis
The statistical signiﬁcant diﬀerences between treatments
(P versus PAB) and between species (Saccorhiza versus
Alaria) were tested using t-test (P<0.05) using SPSS
software (SPSS, Chicago, IL, USA).
Results
The intrinsic rate of increase (r) in the surface area of
both species exposed to P was higher compared to
sporophytes exposed to PAB (Fig. 2). However, a sig-
niﬁcant eﬀect of the treatment was only observed in the
growth rate of Saccorhiza (P=0.006) while growth rate
of Alaria was not signiﬁcantly diﬀerent between treat-
ments (P=0.275; inset Fig. 2). Among sporophytes ex-
posed to P only, average growth rates during the light
and dark phase of the photoperiod was not diﬀerent in
Alaria throughout the whole experimental period while
slightly higher growth rates during the light phase were
observed in Saccorhiza from the 15th to the 18th day of
measurement (Fig. 3). Among sporophytes exposed to
the full light spectrum (PAB), a circadian growth pattern
was observed (Fig. 4). Growth rates were mostly lowest
in the morning (0500–0900 h) and at the middle of the
light phase with UVR supplement (0900–1500 h).
Growth rates increased in both species after UVR was
switched oﬀ in the afternoon and during the dark phase
in Alaria while variable growth pattern was observed
during the dark phase in Saccorhiza. Comparison be-
tween species showed no signiﬁcant diﬀerence in growth
rates at the start of the light phase (0500–0900 h). In the
middle of the light phase with UVR supplement, sig-
niﬁcant diﬀerence between species was only observed on
the 18th day where growth rate of Saccorhiza was sig-
niﬁcantly depressed (P<0.05). The same trend was ob-
served at the end of the light phase (1500–2100 h) and at
night, when Alaria showed signiﬁcantly higher growth
rates (P<0.05). Time series observation on the growth
rates of sporophytes during UVR exposure (0900–
1500 h) showed acclimation in the growth rate of Alaria
and continuous decrease in the growth rate of Saccorh-
iza (Fig. 5).
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Cultured sporophytes grown in low white light
without UVR showed that Saccorhiza had thicker thalli
compared to Alaria (P<0.0001; Fig. 6a). Diﬀerent
growth forms were observed between wild and cultured
sporophytes (insets Fig. 7a,b). The collected wild Sac-
corhiza specimen already exposed to naturally high solar
radiation was more robust and pigmented compared to
the cultured specimen. Alaria cultured at daylength of 12
or 16 h was darkly pigmented and opaque compared to
the translucent wild specimen. When transferred from
12 h to 24 h daylength, the thalli become lightly pig-
mented and translucent after 2 weeks (Fig. 7b). How-
ever, cultured Alaria manifest broader thalli compared
to the more tapered wild specimen with a very distinct
midrib. Signiﬁcantly higher chlorophyll-a concentration
was measured in Alaria compared to Saccorhiza
(P<0.05). Comparison between treatments, however,
showed only slightly and insigniﬁcantly higher chl a
concentration in sporophytes exposed to PAB compared
to P (Fig. 6b). DNA damage measured as the number of
Fig. 2 Growth, in terms of surface area increase, in young
sporophytes exposed to diﬀerent irradiances of photosynthetically
active radiation (PAR=P) and PAR+UVA+UVB(=PAB). PFD
was ±20 lmol m2 s1. Data points (irregular dark gray points)
are ﬁtted using the exponential growth equation Nt=N0e
rt (dark
solid curves), where Nt is growth at time t and N0 is initial size.
Values are means±SD (light gray one sided area, n=3). Inset is the
corresponding growth rates for the entire experimental period. *
refers to signiﬁcant diﬀerences between mean values (t-test,
P<0.05)
Fig. 3 a, b Growth rates of young sporophytes exposed to
photosynthetically active radiation (PAR=P) during the light
(16 h) and dark phase (8 h) of the photoperiod in (a) Saccorhiza
dermatodea and (b) Alaria esculenta
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cyclobutane pyrimidine dimers (CPDs) showed signiﬁ-
cantly higher DNA damage induction and CPDs accu-
mulation in Saccorhiza compared to Alaria (P<0.0001;
Fig. 6c). Spectral analysis of tissue showed diﬀerent
absorbance between the wild and cultured young ga-
metophytes. The absorbance maxima observed in the
UVR region are characteristic for the phlorotannin
absorption spectrum. Strong absorption below 280 nm
was measured in the wild Saccorhiza compared to the
cultured sporophytes (Fig. 7a). Cultured Alaria grown
at 12 h and experimentally exposed to 16 h daylength
were opaque. These samples showed a very strong
absorption below 360 nm while collected wild and cul-
tured sporophytes grown at 24 h daylight showed simi-
lar but much lower absorbance spectra with maximal
absorbance below 280 nm (Fig. 7b).
Discussion
Potential for growth acclimation in young sporophytes
to UVR was found to be speciﬁc for one of the inves-
Fig. 4 Average circadian
growth pattern of young
sporophytes exposed at the start
of the light phase to PAR
without UV (0500–0900 h); in
the middle of the light phase
with UV supplement (0900–
1500 h); at the end of the light
phase again without UV (1500–
2100 h); and during the dark
phase (2100–0500 h). * refers to
signiﬁcant diﬀerences between
mean values (t-test, P<0.05)
Fig. 5 Average growth rates monitored over a period of 21 days in
young sporophytes of Saccorhiza dermatodea and Alaria esculenta
during UVR exposure (0900–1500 h). * refers to signiﬁcant
diﬀerences between mean values (t-test, P<0.05)
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tigated species and correlated to tissue DNA damage
induction and CPDs accumulation while tissue chloro-
phyll-a contents in both species were able to acclimate to
moderate UVR ﬂuence. Higher DNA damage diverts
photosynthetic products for repair, thus constraining
growth. Moreover, we found that thallus optical prop-
erty was correlated to the tissue absorbance in the UVR
region, characteristic of phlorotannin, an important
UV-absorbing compound in brown macroalgae. This
study showed that appropriate stress protective response
such as synthesis of phlorotannin, and eﬃcient DNA
damage repair mechanism can enhance survival of
young recruits and may be a factor for the determination
of the upper distribution range of a species.
Previous studies on the same species have shown that
photosynthesis of Alaria acclimate to UVR (Bischof
et al. 1999) while photosynthesis of Saccorhiza is
photoinhibited under full solar spectrum (Karsten et al.
2001). In our study, we found that growth responds
similarly to photosynthesis. Outdoor incubation of
Saccorhiza to the natural solar radiation also showed the
same growth inhibition under UVR (Aguilera et al.
1999). On the other hand, previous study on the growth
of Alaria under laboratory condition showed contrasting
result where signiﬁcantly lower growth rate was ob-
served in sporophytes exposed to UVR (Michler et al.
2002). This is attributed to the diﬀerent parts of the
sporophytes used in the experiment. In the present
study, we used acclimated meristematic basal parts of
the young sporophytes while Michler and co-workers
used cut oﬀ pieces from the meristem of the blade,
making the wounded tissue more susceptible to UVR.
UVB-R induced DNA damage can be repaired
through photoreactivation or excision repair (Karentz
1994; Pakker et al. 2000a, b; Poll et al. 2002). However,
Fig. 6 a–cMorphological and biochemical characteristics in young
sporophytes of Saccorhiza dermatodea and Alaria esculenta where
(a) Surface area: wet weight ratio to determine thallus thickness of
cultured sporophytes (n=10); (b) Chlorophyll-a content in sporo-
phytes exposed to photosynthetically active radiation (PAR)=P
and PAR+UVA+UVB=PAB (n=3); (c) UVB-induced DNA
damage measured as cyclobutane pyrimidine dimers (CPDs)
concentrations per million nucleotides (n=3). Vertical bars are
standard deviations (SD). * refers to signiﬁcant diﬀerences between
mean values (t-test, P<0.05)
Fig. 7 a,bTissue absorbance spectrum of cultured (c1=12–16 h
daylength; c2=24 h daylength) and wild (w) young sporophytes in
(a) Saccorhiza dermatodea and (b) Alaria esculenta. The insets show
photographs of the typical morphology of thalli used for the
experiments
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when DNA damage rate is higher, photosynthetic
products will be diverted to cellular repair at the expense
of growth and reproduction. Diﬀerence in thallus mor-
phology, such as thickness, maybe regarded as protec-
tive mechanism against both high PAR and UVR in
macroalgae (Dring et al. 1996; Hanelt et al. 1997c;
Johansson and Snoeijs 2002). However, CPDs concen-
tration was higher in the thicker Saccorhiza thallus
suggesting that DNA damage rate exceeds repair rate in
this species. Thallus thickness in itself is therefore not
suﬃcient to minimize deleterious UVR eﬀects. The
optical property of the thallus is also important, which
can inﬂuence reﬂection, attenuation, scattering,
absorption or transmittance of UV radiation in plant
tissues (Caldwell et al. 1983). To prevent UVR induced
damage, many macroalgae produce UV screening com-
pounds such as phlorotannins in brown macroalgae
(Pavia et al. 1997; Pavia and Brock 2000; Schoenwaelder
2002; Henry and Van Alstyne 2004). In comparison to
isolated phlorotannins from Fucus gardneri (Henry and
Van Alystyne 2004), the absorbance spectrum of Alaria
and Saccorhiza tissues showed a similar strong absorp-
tion in the UV-C and UV-B region. In terrestrial plants,
wavelength selectivity of absorption in leaf epidermis is
very pronounced and is often attributed to ﬂavonoids
and other related UV-absorbing compounds (Robber-
echt and Caldwell 1978). Phenolic compounds generally
have substantial UV absorbance and very little absorp-
tion in the visible waveband (Caldwell et al. 1983).
Trade-oﬀs between phlorotannin production and
growth were observed in Ascophyllum nodosum (Pavia
et al. 1999). Although phlorotannin concentration was
not quantitatively analyzed in our study, the absorbance
maxima in the UVR region of the tissues are charac-
teristic of the phlorotannin absorption spectrum,
showing higher concentration in cultured Alaria com-
pared to Saccorhiza. The physiological cost of producing
this UV-absorbing compound may be seen in the lower
growth rate of Alaria compared to Saccorhiza. Alaria
grown at 24 h daylength simulating polar day increased
their growth rate to 11±3% day1 (data not shown)
compared to only 3±1% day1 growth rate (Fig. 1) at
16:8 h light–dark photoperiod. An increase in growth
rates to longer photoperiod was previously reported in
A. esculenta from the British Isles (Han and Kain 1996).
The wild young Saccorhiza sporophytes, which were
collected during the polar day in May in the upper
sublittoral (4 m), were already exposed to higher natural
solar UV radiation compared to wild young Alaria
sporophytes, which were collected in the mid sublittoral
(5–6 m) under the canopy of adult plants. At this point,
wild young Saccorhiza sporophytes have already re-
sponded to the environmental cue by means of physio-
logical mechanism to reduce stress such as synthesizing
UV-absorbing compounds as shown in the darkly pig-
mented thallus of the wild isolate and the corresponding
strong tissue absorption in the UVR region. On the
other hand, recruitment of Alaria under the canopy of
adult plants is thought to be an adaptive behavior which
eﬀectively protects these early life stages from stress
factors, therefore minimizing ecological cost for defense,
enabling the juvenile plants to allocate more photosyn-
thate for growth (Herms and Mattson 1992). The
expression of dark pigmented Alaria phenology in cul-
ture (12 or 16 h daylength of low white light, 10–
20 lmol photon m2 s1) is speculated to be some kind
of physiological mechanism (Roy 2000) related to the
seasonal variation of daylength. It is typical for the so
called season anticipators (Kain 1989). In these species,
seasonal development is ﬁnely tuned to the seasonal
variation of daylength and this strategy is evident from
the organism to the cellular and metabolic level (Wie-
ncke 1990a, b; Lu¨der et al. 2001, 2002; Dummermuth
and Wiencke 2003). When unprotected juvenile recruits
(such as in our unialgal culture) start growing during the
short daylength (e.g. at the end of the polar night, before
the start of polar day in the ﬁeld), we hypothesize that
the young sporophytes are investing UV-absorbing
compounds in anticipation of the polar days when they
could be potentially exposed to enhanced solar radia-
tion. When we increased the daylength to 24 h depleted
of UVR, the plants responded by growing faster and
stopped synthesizing UV-absorbing compounds as
shown in the decreased tissue absorbance in the UVR
region supporting our hypothesis.
In zoospores, phlorotannin containing physodes was
observed in both species. Enlargement of these phenolic
vesicles was observed after 20 h exposure to PAR+
UVA+UVB, which provide protective function against
UVR (Wiencke et al. 2004). More prominent physodes
were observed in Saccorhiza compared to Alaria spores,
which consequently enhanced germination rate in Sac-
corhiza (Wiencke et al. 2004). Allocation of phenolic
compounds seems to be dependent on life stage and life
history of the plant. However, among 1-lm- to <10-
lm-size class cells, production of UV-absorbing com-
pounds can aﬀord considerable beneﬁts but only at the
expense of relatively heavy energetic investment (Garcia-
Pichel 1994). Phlorotannin synthesis in juvenile recruits
lowers growth rate but could enhance survival of the
young sporophytes. In adult sporophytes, higher con-
centrations of phenolic compounds are found in the
reproductive fronds (sporophylls) than in the vegetative
blades of the intertidal A. marginata Postels & Ruprecht
(Steinberg 1984) where sporogenic tissue could provide
protection to zoospore containing sporangium against
environmental stress factors. A conceptual model of the
evolution of plant defense suggest that plant physiolo-
gical trade-oﬀs (e.g. allocation of photosynthate for re-
pair, growth and reproduction, synthesis of UV-
absorbing compounds and secondary metabolites) in-
teract with the abiotic environment, competition and
herbivory (Herms and Mattson 1992).
Seasonal variation in pigment concentration of Arctic
Saccorhiza collected before, during and after sea ice
break-up showed decreasing chlorophyll-a concentra-
tion coinciding with the increasing underwater radiation
(Aguilera et al. 2002). In the laboratory, we observed no
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signiﬁcant variation in Chl-a concentration between
sporophytes exposed to the whole spectrum and to PAR
alone. This could be attributed to the higher natural
solar radiation at 3–4 m depth where Aguilera and co-
worker collected their algal material. In Ulva rigida C.
Agardh, however, signiﬁcantly higher pigment content
(Chl a, Chl b and carotenoids) was measured in the
presence of UVB, which is speculated to be some kind of
photoprotective mechanism (Altamirano et al. 2000). In
Palmaria decipiens (Reinsch) Ricker, chlorophyll-a
concentration increases after 4 h of exposure to UVR.
Further exposure to 12–16 h of UVR showed no sig-
niﬁcant variation between treatments (Poppe et al.
2002). This indicates the capability of algae to acclimate
to moderate ﬂuences of UV radiation.
Circadian (daily) rhythm in gene expression, cell
division timing, photosynthesis and growth has been
reported in algae (e.g. Lu¨ning 1994a, 2001; Granbom
et al. 2001; Suzuki and Johnson 2001; Jacobsen et al.
2003). Seasonal growth pattern in Laminariales is shown
to be environmentally as well as internally controlled
(Lu¨ning 1993, 1994b). On a shorter time scale, day and
night kinetics (diurnal pattern=within 24 h) is also ob-
served (Lu¨ning 1992). Among Laminariales, study on
growth kinetics has been performed in Laminaria spp.
and Pterygophora californica Ruprecht, but not on A.
esculenta and S. dermatodea. Maximal growth rate of
0.7% h1 is reported in young Laminaria saccharina
(Linnaeus) J.V. Lamouroux sporophytes (Lu¨ning 1992),
higher than the 0.42±0.1% h1 growth rate that we
observed in Saccorhiza. Lu¨ning (1994a) further reported
an immediate decrease in growth rate after the onset of
darkness. This contradicts our study, which showed no
signiﬁcant diﬀerence in the growth rate between day and
night in Alaria while lower growth rate at night was only
observed later (day 15–18) in Saccorhiza. Apical growth
of Ascophyllum nodosum and Chondrus crispus during
the night makes up 33% and 63% of their average day
growth rates, respectively (Stro¨mgren and Nielsen 1986).
In UVR-exposed Alaria sporophytes, higher growth
rates even occurred during the dark phase, compared to
the early morning and late afternoon light phase without
UVR. It has been hypothesized that the driving force for
the early evolution of circadian clocks could be an
inherent advantage in phasing cellular events that are
inhibited by sunlight to occur in the night (Suzuki and
Johnson 2001). If this regulation by a circadian clock is
adaptive, growth during the day in the absence of UV
stress may be enhanced equal to but not greater than the
growth at night.
Growth kinetics is thought to be species-speciﬁc,
otherwise the contradicting result could be attributed to
technical limitations of the image analysis software
previously used by Lu¨ning or to the interpretation of
data wherein the author interpreted thallus area as
‘single projected area’ (Lu¨ning 1992) and not as the total
surface area. Our advanced image analysis software is
able to measure the whole surface area continuously in
the course of several days without interruption. Mea-
surements are manually stopped for a maximum of 2 h
to change the seawater in the circulating system every
week.
For future studies, an in situ growth kinetics mea-
surement is recommended. Prototypes of ﬁeld growth
chamber with similar growth measuring technique are
currently developed for future use. Synergistic eﬀects
of abiotic factors will bring new insights on how
growth mechanics operate in the ﬁeld. The single fac-
tor laboratory experiment performed in this study has
shown that growth is inhibited by UVR. Recovery of
growth was observed after the oﬀset of the stress
factor and growth acclimation under UVR was ob-
served in Alaria. UVR sensitivity in the growth rate of
Saccorhiza is attributed to the accumulation of tissue
DNA damage and the lower UV-absorbing compound
concentration in cultured sporophytes. The potential of
some species to acclimate to increased solar radiation
is indicated by the changes in the optical properties of
the leaf (Caldwell et al. 1983) or in the thallus of
macroalgae as exhibited by Alaria. In the ﬁeld, both
species are capable of recruiting the upper sublittoral
when appropriate physiological strategies are expressed
to minimize UV-induced damage, as adult sporophytes
could be found to inhabit the same coastal zone in
Spitsbergen.
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